Introduction
Over the past decade, the role of nucleosomes as general repressors of eukaryotic gene transcription has been well established by genetic and biochemical studies of chromatin structure and gene regulation (for reviews see Grunstein, 1990; Felsenfeld, 1992; Kornberg and Larch, 1992) . However, the mechanisms by which this repression is alleviated such that transcription factors and RNA polymerase gain access to promoter sequences are unclear. In vivo, genetic control elements are usually organized in an accessible chromatin structure that is hypersensitive to cleavage by DNase I and other enzymatic and chemical probes (for review see Gross and Garrard, 1988) . Although the detailed molecular architecture of these hypersensitive sites in chromatin remains to be elucidated, the increased accessibility suggests a local reconfiguration of histone-DNA interactions that should facilitate binding of sequence-specific transcription factors and the assembly of transcription initiation complexes.
We are interested in the mechanisms by which nucleosomes are reconfigured to allow transcription. In principle, the stability of histone-DNA contacts in the nucleosome is dependent on the sequence, structure, and topology of nucleosomal DNA, on the presence of linker histones, on histone modifications, on the number and position of sites for the binding of transcription factors, and on factors specialized for nucleosome assembly and reconfiguration (for reviews see Becker, 1994; Kornberg and Larch, 1995; Owen-Hughes and Workman, 1994; Paranjape et al., 1994; Wallrath et al., 1994; Wolffe, 1994) . To investigate how these mechanisms influence the stability of nucleosome structure, we have undertaken the analysis of disruption of nucleosome structure in vitro, using the Drosophila hsp70 promoter as a model system. The hsp70 promoter is organized in a region of DNase I hypersensitivity spanning 200-300 bp in vivo (Wu, 1980 (Wu, , 1984 Costlow and Lis, 1984) and contains a canonical TATA box and upstream sites for the constitutively active GAGA transcription factor and the heat shock transcription factor HSF (for reviews see Lis and Wu, 1993; Wu, 1995) .
We have recently developed an in vitro assay for nucleosome remodeling based on a cell-free Drosophila embryo extract that is capable of assembling long arrays of regularly spaced nucleosomes (Becker and Wu, 1992) . Introduction of purified GAGA factor during or after nucleosome assembly on hsp70 plasmid DNA results in disruption of nucleosome structure specifically at the promoter region. The disruption is characterized by hypersensitivity to DNase I digestion and a redistribution of neighboring nucleosomes (Tsukiyama et al., 1994) . This process requires the presence of hydrolyzable ATP, indicating the involvement of an energy-dependent step in chromatin remodeling. The energy requirement is presumed to involve an unknown, ATP-dependent cofactor present in the Drosophila S150 extract, since there was no indication that GAGA factor itself could utilize ATP (Tsukiyama et al., 1994) . ATP-dependent changes in chromatin organization were subsequently reported in a related in vitro reconstitution system, mediated by the binding of GAL4 protein (Pazin et al., 1994) , and similar alterations were shown on the hsp26 promoter, mediated by the GAGAfactor (Wall et al., 1995) .
Here, we report the purification and characterization of a nucleosome remodeling factor (NURF) from Drosophila embryos. Substoichiometric amounts of NURF facilitate GAGA factor-dependent nucleosome alterations at the hsp70 promoter in an ATP-dependent manner. In the absence of GAGA factor, near stoichiometric levels of NURF alone are capable of altering nucleosomal arrays in an ATP-dependent manner. The energy requirement is attributable to an ATPase activity of NURF that is stimulated by the presence of purified nucleosomes but not by free DNA or histones. The molecular composition and biochemical characteristics of NURF suggest that it is distinct from the SWllSNF protein complex whose function has previously been implicated in overcoming nucleosomemediated repression in yeast, Drosophila, and human cells (Winston and Carlson, 1992; Peterson and Tamkun, 1995) .
Results

A Sarkosyl-Sensitive
Cofactor for Nucleosome Disruption To detect the presence of cofactors that would facilitate nucleosome disruption mediated by the binding of GAGA factor to the hsp70 promoter, we initially sought conditions that would inactivate or eliminate such activities in the Drosophila embryo (S150) extract. We found that treatment of the crude reconstituted chromatin with the detergent Sarkosyl abolished nucleosome disruption when the chromatinwassubsequentlychallengedwith GAGAfactor and ATP. In these experiments, plasmid DNA carrying the hsp70 gene was first subjected to chromatin assembly in the S150 extract for 6 hr. After treatment with 0.05% Sarkosyl and removal of the detergent by gel filtration in a spin column, the assembled chromatin was tested for nucleosome disruption by incubation with purified GAGA factor and ATP. This was followed by digestion with micrococcal nuclease (MNase) and DNA blot hybridization with a radiolabeled oligonucleotide probe complementary to hsp70 promoter sequences.
As previously reported (Tsukiyama et al., 1994) , nucleosome disruption at the hsp70 promoter was observed in an ATP-and GAGA factor-dependent manner when the assembled chromatin was left untreated with Sarkosyl ( Figure 1 ). The disruption was indicated by the loss of the oligonucleosomal DNA ladder at intermediate stages of MNase digestion and by the decrease of the 146 bp mononucleosome DNA and appearance of smaller fragments after extensive MNase digestion. In contrast, treatment with Sarkosyl abolished nucleosome disruption at the hsp70 promoter, even when GAGA factor and ATP were present. These results suggested that an ATP-dependent cofactor was inactivated or removed by the Sarkosyl treatment. The ability to facilitate nucleosome disruption was restored by the addition of fresh S150 extract to the Sarko- syl-treated chromatin, and this restoration was dependent on the presence of GAGA factor and ATP (Figure 1 ). Hence, we conclude that two critical components are required for nucleosome disruption at the hsp70 promoter: GAGA factor and a Sarkosyl-sensitive nucleosome remodeling factor in the S150 extract that utilizes ATP. We have named the latter NURF.
Purification of NURF To purify NURF, we employed the Sarkosyl-treated hsp70 plasmid chromatin to assay the ability of fractionated embryo extracts to restore GAGA factor-and ATP-dependent nucleosome disruption. As starting material for biochemical fractionation, we used nuclear (transcription) extracts from O-12 hr Drosophila embryos (Wampler et al., 1990) , which have abundant NURF activity and are less tedious to prepare than the S150 chromatin assembly extract from O-2 hr embryos. The purification scheme for NURF involves seven chromatographic steps (see the Experimental Procedures). The protein composition of active fractions in the first six steps of purification is shown by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining (Figure 2A ). At the final step of purification on a glycerol gradient, SDS-PAGE reveals four major polypeptides of 215 kDa, 140 kDa, 55 kDa, and 38 kDa that cosediment in an apparent complex of -500 kDa with the peak of nucleosomedisruption activity(Figure2B).
The215 kDa polypeptide appears to be susceptible to degradation, as several polypeptides of lower molecular weight were observed to increase during storage and upon freeze-thaw; alternatively, there may be more than one polypeptide in the 200 kDa region comigrating with the active fraction. The major polypeptides from the active glycerol gradient fraction cofractionated with the nucleosome disruption activity again when the fraction was further chromatographed on Mono S or a SP-Sepharose columns (data not shown). We have also utilized the S150 chromatin assemblyextractasstartingmaterialforNURFpurification and obtained similar results (data not shown). Because the assay for NURF activity is not quantitative, it is not feasible to calculate precisely the purification factor and yield at each chromatographicstep.
However, we estimate the overall purification from the nuclear extract to the glycerol gradient fraction to be -1200-fold, with -12% yield.
Activity of NURF on Nucleosome
Arrays We have characterized the activity of the fractionated NURF on regularly spaced arrays of nucleosomes that were reconstituted on the hsp70 plasmid and pretreated with Sarkosyl to inactivate the endogenous NURF activity. As shown in Figure 2C , the combined action of NURF and GAGA factor in the presence of ATP leads to enhanced cleavage by Haelll and Haell restriction enzymes at positions -167 and -41, respectively, on the hsp70 promoter. This enhancement was similar to that observed on reconstituted nucleosome arrays that were not treated with Sarkosyl and, hence, contain endogenous NURF. In addition, the introduction of increasing amounts of NURF in the presence of a fixed amount of GAGA factor leads to increasing disruption of nucleosome structure at the hsp70 promoter, as revealed by MNase digestion, with no disrupdertaken a detailed analysis of the chromatin alteration tion at the coding sequences ( Figure  3A ). Nucleosome by HSF, which appears to be different from that caused disruption was not observed when ATP was omitted from by the GAGA factor, the data suggest that the action of the reaction. NURF is not restricted to just one transcription factor.
In the absence of GAGA factor, a further increase of NURF to near stoichiometric levels produced a general smearing of the ladder of oligonucleosomal DNA fragments for both promoter and coding regions, with an apparent reduction in the nucleosome repeat length (see 2.5 ul and 5 PI NURF in Figure 3B ). This effect of NURF alone on long nucleosome arrays was also dependent on the presence of ATP.
NURF Activity on Mononucleosomes
As was previously observed using the crude S150 Figure  4A ). When the DNA was reconstituted on ATP analogs as indicated (1 mM final concentration) were substituted for ATP in the nucleosome disruption assay, using the NURF P11 fraction. (D) Effect of Drosophila HSF (dHSF) on nucleosome structure in comparison with GAGA factor. Approximately 50 ng of bacterially expressed dHSF protein (Clos et al., 1990) was substituted for GAGA factor in the assay for nucleosome disruption using the NURF Pi1 fraction.
the nucleosome, the pattern of cleavage by DNase I in the absence of NURF was predictably altered to show cleavage with a periodicity of about 10 bp ( Figure 4A , lane 9). Such periodic cleavage reflects the accessibility of DNA wrapped on the surface of a rotationally positioned histone octamer (van Holde, 1989) . In this case, however, the 10 bp periodicity was partially obscured by other DNase I cleavages, because the reconstituted nucleosome occupies multiple rotational and translational positions on the hsp70 promoter (P. T. Georgel, T. T., and C. W., unpublished data). When increasing amounts of purified NURF were added with ATP to the reconstituted nucleosome, two major changes in the pattern of DNase I digestion were observed. DNase I hypersensitivity was induced at several distinct sites on the nucleosome template, while protection from DNase I cleavage was found at other sites ( Figure  4A , lanes 10-13, closed and open triangles, respectively; also see bar diagram in Figure 5 ). These changes in the pattern of DNase I cleavage were not observed when ATP was left out of the reaction. The results indicate that NURF alone can act to alter histone-DNA interactions in the nucleosome in an ATP-dependent manner.
Action of NURF and GAGA Factor on Mononucleosomes We next investigated the action of NURF and GAGAfactor on the reconstituted mononucleosome. On naked DNA, GAGAfactor showed clear DNase I footprints over its cognate sites on the hsp70 promoter that were not affected by the presence of NURF or ATP (Figure 48 ). On the nucleosome, increasing amounts of GAGA factor induced partial protection from, and some hypersensitivity to DNase I cleavage when NURF was absent ( Figure 4B , lanes 11-13); similar results were obtained in the absence of ATP (data not shown). These findings suggest that GAGA factor alone has a weak affinity for its cognate sites on the nucleosomal template. However, the presence of NURF, ATP, and GAGA factor in the reaction resulted in clear footprinting on the GAGA factor-binding sites (Figure 48, , open circles at the following positions: -39 to -46; -60 to -75; -122 to -146) and the induction of strong DNase I hypersensitivity in the intervening region ( Figure 48 , lanes 15-17, closed circles). Other sites in the -160 region near the end of the fragment also showed protection from DNase I digestion. The pattern of DNase I hypersensitivity induced between GAGA elements on the mononucleosome is similar to that previously reported for GAGA factor-mediated nucleosome disruption in a nucleosome array (Tsukiyama et al., 1994) . Since the ATPdependent action of NURF alone was able to perturb the structure of the nucleosome, this perturbation could be the means by which GAGA factor binding is facilitated. The binding of GAGA factor could then lead to further structural alterations of the core particle. Interestingly, the major DNase I footprint produced on the nucleosome upon GAGA binding in the presence of NURF and ATP retiined internal DNase I cleavages with -10 bp periodicity, s&g-gesting that the integrity of the nucleosome was partially maintained despite ATP-dependent reconfiguration (Figure 4B , lanes 15-17, see positions -122 to -146).
Restriction Enzyme Protection of Mononucleosomes in the Presence of GAGA Factor and NURF
To analyze further the integrity of the mononucleosome after ATP-dependent reconfiguration by NURF and GAGA factor, we compared the accessibility of nucleosomal DNA and naked DNA to cleavage by restriction enzymes under denote the sites where significant changes were observed at 0.11 ul or less of NURF (0.11 pi of NURF: 1 NURF to 18 nucleosomes), and the small triangles correspond to the sites where the maximum effects were observed at the highest amount (1 .O ul) of NURF. (6) DNase I digestion pattern of the nucleosome core particle and naked DNA in the presence of an increasing amount of GAGA factor, with or without NURF (1 .O pl of Pll fraction). DNAon the core particle, it was not possible to assess the protection induced by GAGA factor binding. the same conditions employed for DNase I digestion. As shown in Figure 5 , assembly of the Yend-labeled 161 bp DNA in a nucleosome greatly inhibited cleavage by the restriction enzymes Haelll, Rsal, and Nrul at sites located approximately at the middle and toward the ends of the 161 bp DNA fragment (the Rsal site is located within a cluster of GAGA elements). When the nucleosome was subjected to the action of NURF and ATP (in the absence of GAGA factor), the protection from restriction enzyme cleavage was maintained or increased. This effect was not dependent on ATP, suggesting the possibility of an energy-independent interaction between NURF and the nucleosome (data not shown). It is of interest that the protection from Haelll and Rsal digestion is contrasted with enhanced cleavage by DNase I at these sites ( Figure 4A The NURF Pli fraction was tested for ATPase activity in the presence of equivalent concentrations of free E. coli DNA, purified Drosophila core histones, and nucleosomes reconstituted from the same DNA and core histones by dialysis from high salt, Conditions for the ATPase assay were the same as those for the DNase I footprinting assay. (B) ATPase activity of fractions across the glycerol gradient of Figure  3A . The ATPase activity was assayed in the presence of nucleosomes.
ations on the nucleosome as revealed by DNase I are insufficient to facilitate cleavage by restriction enzymes.
In the presence of GAGA factor, NURF, and ATP, protection from cleavage was retained forthe Haelll and Rsal sites, while a moderate increase of cleavage was observed for the Nrul site ( Figure 5 ). However, the 39% digestion on nucleosomal DNA by Nrul remained significantly below the 83% digestion of the free DNA. These effects on restriction enzyme digestion are generally consistent with the observed changes in DNase I cleavage (Figure 48 ) and support the conclusion that the combined action of GAGA factor, NURF, and ATP fails to disorganize the structure of the nucleosome completely. Note the disparity in cleavage at the Haelll site when comparing the action of NURF and GAGA factor on mononucleosomes ( Figure  5 ) and on nucleosome arrays (see Figure 2C and Discussion).
NURF Has an ATPase Activity That Is Stimulated by Nucleosomes
To investigate the ATP requirement for NURF activity, we examined the ability of the NURF complex to hydrolyze ATP to inorganic phosphate in the presence of free DNA or nucleosomes. Nucleosomes were reconstituted by the salt dialysis method employing purified Drosophila core These perturbations increase accessibility to transcription factors, leading to more severe alterations of nucleosome structure.
See text for details.
histones and Escherichia coli DNA, which yielded >90% mononucleosomes as judged by native gel electrophoresis and MNase digestion of a radiolabeled DNA tracer (data not shown). Purified NURF was found to possess a constitutive ATPase activity (-1.7 pmol of Pi released/ pmol of NURFlmin) that was not enhanced significantly bythe inclusion of free DNAor core histones in the reaction ( Figure 6A) . However, the ATPase activity was stimulated 5fold in the presence of reconstituted nucleosomes. Moreover, when the same core histones and E. coli DNA were directly mixed without undergoing proper reconstitution, the stimulation of ATPase activity was not observed (data not shown). These results indicate a requirement for an assembled nucleosome structure for stimulation of the ATPase activity of NURF.
To confirm that the ATPase activity was specifically associated with purified NURF, the ATPase activity of the glycerol gradient fractions shown in Figure 2A was analyzed in the presence of reconstituted nucleosomes. A single peak of ATPase activity was observed in glycerol gradient fraction 3, coincident with the peak of NURF protein (Figure 66 ). Hence, we conclude that the nucleosomestimulated ATPase activity is a property of the NURF complex itself.
We have identified and purified an ATP-dependent, Sarkosyl-sensitive cofactor in Drosophila embryo extracts that is able to reconfigure nucleosome structure (referred to as NURF). Purified NURFformsanativecomplexof -500 kDa on a glycerol gradient and is composed of at least four major polypeptides of molecular weights 215 kDa, 140 kDa, 55 kDa, and 38 kDa. In the absence of sequencespecific DNA-binding transcription factors, NURF is capable of perturbing the structure of a reconstituted mononucleosome in an ATP-dependent manner. The energy requirement is attributed to an ATPase activity of NURF that is stimulated by reconstituted nucleosomes but not significantly by free DNA or histones. The action of NURF on a nucleosome greatly facilitates binding of the GAGA transcription factor to its cognate sites, leading to enhanced reconfiguration of nucleosome structure, as revealed by the induction of DNase I hypersensitivity (Figure 7) .
On a partially purified chromatin template consisting of a regular array of nucleosomes, the combination of NURF, GAGA factor, and ATP was able to disrupt the organization of nucleosomes on the hsp70 promoter, and some alterations were also observed with HSF in place of GAGA factor. The actions of GAGA and HSF suggest that NURF may provide a general nucleosome-destabilizing function important not only for the reconfiguration of chromatin by transcription factors but possibly also for other processes that occur on the chromatin template. These include the assembly of the transcription initiation complex, the elongation of RNA polymerase, and the process of DNA replication. We do not know at present whether NURF is actively recruited to specific targets by sequence-specific DNA-binding proteins.
Differences in NURF Activity on Single Nucleosomes and Nucleosome
Arrays It is somewhat paradoxical that the combined action of GAGA factor and NURF on the reconstituted mononucleosome is apparently insufficient to cause a complete loss of nucleosome structure, as revealed by DNase I and restriction enzyme digestion. These results seem at variance with the pronounced effects of promoter-specific nucleosome disruption previously reported for the hsp70 plasmid assembled in a nucleosomal array (Tsukiyama et al., 1994) and extended in this study using restriction enzymes. Furthermore, the weak ability of GAGA factor to bind the nucleosome core particle seems inconsistent with the DNase I footprinting of GAGA factor on a nucleosome array pretreated with Sarkosyl to inactivate NURF (unpublished data). It has been reported that the GAL4 DNAbinding domain is capable of binding to a similarly assembled nucleosome array in the absence of ATP and, hence, NURF activity (Pazin et al., 1994) .
There are a number of plausible explanations for the greater severity of nucleosome disruption observed on the nucleosome arrays that is not seen with single nucleosomes. First, the mononucleosome reconstituted with 161 bp of DNA in this study may have a linker length too short for a physiological nucleosome structure (Usachenko et al., 1994) . Second, there is greater latitude for nucleosomes to be shifted in nucleosome arrays. Third, because nucleosomes occupy multiple positions on the hsp70 promoter (Tsukiyama et al., 1994 ; P. T. George1 and C. W., unpublished data), a subset of the GAGA DNA elements would necessarily fall on a linker region in a nucleosome array and may serve as a point of nucleation for GAGA factor to bind and invade the nucleosome. Fourth, the circular plasmid chromatin template may be subject to torsional constraints that are absent from single nucleosomes. Fifth, besides NURF, other factors for nucleosome disruption that are insensitive to 0.05% Sarkosyl could be present in the plasmid chromatin preparations that were purified through a single gel filtration step. Such components might include histone chaperones and nucleosome assembly factors like nucleoplasmin and Nl/N2 (for review see Almouzni and Wolffe, 1993 ) NAP-l (Fujii-Nakata et al., 1992) CAF-1 (Smith and Stillman, 1989; Kaufman et al., 1995) , and factors involved in nucleosome mobility (Varga-Weisz et al., 1995) . It will be of interest to explore whetherthesupercomplexof NURF, GAGAfactor, and the nucleosome is an intermediate in a pathway of chromatin disruption involving other factors.
Comparison
of NURF with the SWllSNF Complex On the surface, the ATP dependence of NURF activity suggests a resemblance to the multiprotein SWllSNF complex that has been implicated in overcoming nucleosome-mediated repression in yeast, Drosophila, and human cells (for reviews see Winston and Carlson, 1992; Carlson and Laurent, 1994; Lewin, 1994; Kornberg and Larch, 1995; Peterson and Tamkun, 1995) . However, the size and composition of the two complexes appear to be quite different. NURF contains approximately four polypeptides and has a native molecular weight of -500 kDa, while the purified yeast SWllSNF complex has more than ten polypeptides and migrates with a size of -2000 kDa (Cairns et al., 1994; Cote et al., 1994; Peterson et al., 1994) . NURF is a relatively abundant factor, comprising -0.08% of nuclear extract protein, estimated roughly using the yield from purification, while there are only -100 molecules of the SWllSNF complex in a yeast cell (Cote et al., 1994) . A purified yeast SWllSNF complex provided by Dr. C. Peterson is unable to substitute for NURF in the GAGA factor-mediated nucleosome disruption assay (unpublished data). The yeast and human SWllSNF complexes alter the DNase I digestion pattern of reconstituted mononucleosomes to resemble an overlap of naked DNA and nucleosomal DNA (Cote et al., 1994; lmbalzano et al., 1994; Kwon et al., 1994) , while the digestion pattern observedwith theNURFcomplexshowsspecificinduction of DNase I protection and hypersensitivity at discrete sites on nucleosomal DNA.
More importantly, the ATPase activity of the SWllSNF complex is stimulated by free DNA (Laurent et al., 1993; Cairns et al., 1994; Cote et al,, 1994; Kwon et al., 1994) , while that of NURF is stimulated by assembled nucleosomes and not by free DNA, core histones, or an unassembled mixture of DNA and core histones. This suggests a difference between the two complexes in at least one important aspect of the remodeling mechanism: recognition of or stimulation by the substrate.
Mechanism of Nucleosome
Remodeling Mediated by NURF How does NURF alter nucleosome structure? The nucleosome-stimulated ATPase activity of NURF and the NURFinduced protection of mononucleosomal DNA from DNase l and restriction enzyme cleavage suggest that the protein complex acts directly on the nucleosome to perturb its structure (Figure 7) . It is not clear whether this interaction is transient or stable and whether continuous hydrolysis of ATP is required to maintain the altered state of the nucleosome. How NURF is able to specifically recognize a nucleosome is also obscure; important elements could involve the superhelical nature of nucleosomal DNA as well as unique features of the histone octamer formed by the core histones H2A, H2B, H3, and H4 (Arents et al., 1991; Arents and Moudrianakis, 1993) . The mechanism by which NURF reconfigures histone-DNA and histonehistone interactions and how this remodeling facilitates binding of transcription factors are also unknown. These questions as well as the function of NURF in vivo will become amenable for study when the genes encoding NURF polypeptides are cloned and sufficient quantitites of recombinant NURF complex become available for experimentation.
Experimental Procedures
Expression and Purification of GAGA Factor PAR-GAGA, a plasmid containing the GAGA factor cDNA under control of the T7 promoter (Soeller et al., 1993) was transformed into E. coli BL21 pLysS. Individual colonies were cultured in 25 ml of L-broth supplemented with 100 pglml ampicillin (LB-amp) at 37OC for 3 hr. We then transferred each 10 ml of culture to 500 ml of LB-amp and cultured at 37OC until OD,, = 0.2. The culture was transferred to 30°C and shaken until ODwo = 0.6. IPTG was added to 0.4 mM, and protein expression was induced for 30 min. E. coli cells were disrupted by ultrasonication in HEMGN-0.3 (HEMGN is 25 mM HEPES-KOH [pH 7.61, 0.1 mM EDTA, 12.5 mM MgCI,, 10% glycerol, 0.1% NP-40, 1 mM DTT, 0.2 mM PMSF, 0.5 mM Na metabisulfite; the number following HEMGN denotes the molar concentration of KCI). After removal of insoluble material by centrifugation (15,000 rpm for 10 min in a Beckman JA20 rotor), the supernatant was chromatographed on 15 ml of DEAE Sepharose fast flow (Pharmacia) preequilibrated with HFMGN-0.3. The flowthrough and wash fractions were applied to 10 ml of heparin-Sepharose CL-68 (Pharmacia) in HEMGN-0.3.
GAGA factor was eluted with HEMGN-0.5 and concentrated using a Centriprep 100 (Amicon). The purity of GAGA factor was more than 80%, as judged by SDS-PAGE and Coomassie blue staining.
Chromatin
Assembly and Sarkosyl Treatment Regularly spaced arrays of nucleosomes were assembled in vitro using the Drosophila embryo extract as previously described (Becker and Wu, 1992; Becker et al., 1994) . Plasmid pdhspXX3.2, which contains the -1.5 kb to +1.8 kb region of Drosophila hsp70 gene, was used as a template. For Sarkosyl treatment, a 5% stock solution of Sarkosyl was added to the assembled chromatin to a final concentration of 0.05% and incubated at room temperature for 5 min. Sarkosyl and other small molecules including ATP were then removed by means of a spin column containing Bio-Gel A-l .5m (Bio-Rad) as described (Tsukiyama et al., 1994) .
Assay for NlJRF Activity To a 20 pl aliquot of Sarkosyl-treated chromatin, 0.5-2 pl of NURF fraction, 1 ~1 of 30 mM ATP, 0.5 ~1 (about 60 ng) of GAGA factor were added, and the final volume was adjusted to 30 pl with 10 mM HEPES (pH 7.6) 0.5 mM EGTA, 5 mM MgCI?, 10% glycerol, and KCI to a final concentration of -100 mM. The reaction was incubated at 28OC for 30 min and treated with the appropriate concentration of MNase. DNA samples were processed as previously described (Becker et al., 1994; Tsukiyama et al., 1994) . For restriction enzyme digestion of Sarkosyltreated chromatin, the standard NURF assay was scaled down 2-fold. After 30 min incubation at 26OC, 10 U of restriction enzyme was added, and the incubation was allowed to continue for another 30 min at the same temperature.
DNA samples were purified and digested with Ncol (-343) and Xmnl (+208), separated by agarose gel electrophoresis, blotted to nitrocellulose membrane, and hybridized with radiolabeled oligonucleotide as described (Becker et al., 1994; Tsukiyama et al., 1994) .
Purification
of NURF Nuclear extracts were prepared from 150-200 g of O-12 hr Drosophila embryos as described (Wampler et al., 1990) , except that ammonium sulfate was removed by dialysis against HEMG-0.04 (25 mM HEPES-KOH [pH 7.61, 0.1 mM EDTA, 12.5 mM MgC12, 10% glycerol, 40 mM KCI) until the conductivity was equivalent to HEMG-0.1, instead of gel filtration. The chromatin assembly extract was prepared as described (Becker and Wu, 1992; Becker et al., 1994) .
The KCI concentration of the extracts was adjusted to a conductivity equivalent to HEGN-0.2, containing freshly added 1 mM DTT, 0.2 mM PMSF, 0.5 mM Na metabisulfite (HEGN: 25 mM HEPES-KOH [pH 7.61, I mM EDTA, 10% glycerol, 0.02% NP-40; the number following HEGN denotes the molar concentration of KCI). About 1 g of nuclear extract protein was applied to a 20 ml bed volume of DE52 resin (Whatman), connected in tandem to 50 ml of BioRex70 (Bio-Rad) equilibrated in HEGN-0.2. The columns were washed with HEGN-0.2 until the ODnm returned to the baseline, and the DE52 column was disconnected. In some experiments, step elutions were applied for hydroxylapatite and single-stranded DNA cellulose columns. In those cases, the samples were applied at the salt concentration as above, and eluted at 0. 
Reconstitution
of Nucleosomes by Dialysis from High Salt Core histones were prepared from O-20 hr Drosophila embryos as described (Simon and Felsenfeld, 1979) . E. coli DNA of average length of 500 bp was prepared by digestion with MNase and purified by phenol extraction.
Reconstitution by dialysis from high salt was performed as described (Neubauer and Horz, 1989) , except that low salt buffer contained 50 mM NaCI, and both low and high salt buffers contained 0.05% NP-40. The radiolabeled DNA fragment was produced by PCR using a 5'terminally labeled primer. A trace amount (about 0.2 nmoll ul) of the labeled fragment was included in the reconstitution reaction.
DNase I Footprinting and Restriction Enzyme Digestion of Reconstituted Mononucleosomes For DNase I footprinting, 1 ul of purified NURF, 1 ul of GAGA factor, 0.5 ul of 10 mM ATP, 1 ul of 10 mM MgCI, were added to 5 pl of reconstituted nucleosomes (100 ng). The reaction mixture was incubated at 26OC for 30 min and digested with DNase I for 1 min at room temperature.
DNA was purified and separated on an 8% sequencing gel. For the restriction enzyme assay, the same reaction conditions as for DNase I footprinting were employed. After incubation of the reaction for 30 min at 26"C, 10 U of restriction enzyme was added, and it was incubated for another 30 min at 26OC. DNA was purified and separated on a 6% nondenaturing polyacrylamide gel.
ATPase Assay The ATPase assay was performed in 50% of the reaction volume of the DNase I footprinting assay, with 0.25 pl of [+P]ATP (3000 Gil mmol, IO mCi/wl, Amersham) and 0.5 pl of 300 uM ATP, except that the hsp70 promoter fragment was omitted, and GAGA factor was replaced with buffer. The mixture was incubated at 26% for 30 min. ATP and free phosphate were separated by thin layer chromatography in 0.5 M LiCI, 1 M formic acid, and quantitated with a Fuji BioImage Analyzer.
Acknowledgments
Correspondence should be addressed to C. W. We thank Craig Petersen for a generous gift of purified SWVSNF protein, Barbara Davis formanagingthe Drosophilamass population, Peter Beckerforaprotocol to reconstitute nucleosomes, Paul Wagner for advice on ATPases, Gaku Mizuguchi for advice on column chromatography, and Gary Felsenfeld, John Tamkun, Philippe Georgel, Paul Jedlicka, and members of our laboratory for comments on the manuscript. This work was supported by the Intramural Research Program of the National Cancer Institute.
Received August 29, 1995; revised October 23. 1995. 
